Nanostructured materials exhibit unique magnetic, electrical and catalytic properties. These characteristics are determined by the chemical composition, size and shape of the nanostructured components, which are challenging to modulate on such small size scales and to interface with living cells. To address this problem, we are using a self-assembling filament protein, PrgI, as a scaffold for bottom-up inorganic nanostructure synthesis. PrgI is a small protein (80 amino acids) that oligomerizes to form the type-III secretion system needle of Salmonella enterica. We demonstrate that purified PrgI monomers also spontaneously self-assemble into long filaments and that high-affinity peptide tags specific for attachment to functionalized particles can be integrated into the N-terminal region of PrgI. The resulting filaments selectively bind to gold, whether the filaments are assembled in vitro, sheared from cells or remain attached to live S. enterica cell membranes. Chemical reduction of the goldmodified PrgI variants results in structures that are several micrometres in length and which incorporate a contiguous gold surface. Mutant strains with genomically incorporated metal-binding tags retain the secretion phenotype. We anticipate that self-assembled, cell-tethered protein/metal filamentous structures have applications in sensing and energy transduction in vivo.
Introduction
Nanomaterials exhibit unique properties that arise from their molecular-level organization, geometry and large surface area to volume ratios. For example, gold (Au) nanoprisms absorb in the near-infrared region and have strong localized surface plasmon resonance due to their sharp corners and edges, while Au nanospheres absorb in the ultraviolet-visible (UV/vis) region [1, 2] . Thin Au nanosheets crystallize in hexagonal close-packed structures instead of the face-centred cubic structures that are usually observed in nanoparticles of other geometries [2, 3] . As a result of these and other interesting physical properties, metal nanostructures are used in opto-electronics, medicine, energy and catalysis, as well as material reinforcement and water desalination [1] . However, for many applications that require nanoscale control over the system components to confer the unique ensemble properties required for such applications, new methods to enable control over molecular features will be critical to achieve precise organization, assembly timing and targeting of the nanostructured materials. Here, traditional top-down approaches are severely constrained, because they are inherently planar, suffer from limited optical resolution and result in nanostructures that are difficult to manipulate [4] .
Biomolecules such as lipids, DNA and proteins are emerging as useful scaffolds for building three-dimensional inorganic materials at sub-millimetre length scales from the bottom up [5] [6] [7] . Proteins are especially attractive because they undergo amino acid sequence-specific self-assembly and have sequence-based molecular recognition properties. In addition, complex protein assemblies are often thermodynamically favourable. Finally, the diversity afforded by amino acid biochemistry provides numerous bioorthogonal methods for conjugating proteins to inorganic nanostructures and for enabling protein interactions in specific ways with desired ligands, membranes or surfaces [7] . Thus, engineered self-assembling protein systems provide a route to spontaneous and programmable organization of complex structures with new material properties, at shrinking size scales.
Conjugating inorganic materials to self-assembled peptide backbones is an established strategy for the production of functional materials [8] . For example, filamentous phage coat proteins and clathrin have been used as templates for constructing liquid-crystalline ZnS films and titanium dioxide particles, respectively [9, 10] . However, these strategies are limited by the inherent size and shape of the protein structures that are used as templates and lack high-resolution material flexibility. For instance, bacteriophage M13 is 900 nm long, and therefore any M13-based materials are limited to 900 nm in the smallest subunit length dimension [9] . Clathrin, as a vesicle coat protein, is used only with spherical geometries. Other protein scaffolds that have been engineered in a variety of contexts to bind to inorganic materials include tobacco mosaic virus coat proteins [11] , apoferritin [12] , actin [13] , curli [14] , microtubule [15] and amyloid and amyloid-like fibres [16, 17] , each with unique advantages and drawbacks.
The type-III secretion system (T3SS) includes a filamentous structure that has all the characteristics of a promising scaffold for metal templating. The T3SS is a membrane-anchored multiprotein apparatus native to many Gram-negative pathogens, such as the highly genetically tractable Salmonella enterica, and the filament extends 60 nm from the outer membrane into the extracellular space [18] . This filament is a homomultimeric protein assembly comprising approximately 120 copies of the PrgI monomer, which has a molecular weight of less than 10 kDa, affording high resolution over resulting assemblies [19] . The monomers spontaneously assemble into a helical, symmetric filament as they are secreted one by one through the nascent membrane-embedded structure. Recent solid-state nuclear magnetic resonance studies indicate that the structure of PrgI comprises two a helices, with the N-terminal amino acids forming a flexible loop extending away from the polymerized filament [20] .
With this work, we demonstrate that the PrgI filament makes an excellent scaffold for nanostructured materials both in vitro and tethered to the S. enterica cell surface. We first demonstrate that peptide tags can be integrated into the N-terminal region of PrgI without disrupting filament formation. We incorporate the nickel (II) (Ni 2þ )-binding polyhistidine (6XHis) tag to PrgI in this manner and allow filaments to form either in vitro or in vivo. After incubating with Ni 2þ -nitrilotriacetic acid-Au (Ni 2þ -NTA-Au) nanoparticles, we observe Au-bound PrgI filaments and bundles. For the methods involving native PrgI assembly in S. enterica, we use recombination-mediated genetic engineering techniques in order to protect the secretion phenotype of the natural system. Future applications using this bioinorganic system might include the incorporation of peptide tags that selectively bind heavy metals or minerals for cellpowered sensing applications for bioremediation or energy applications. The metal-functionalized secretion system described herein is therefore a first step in a variety of endeavours for interfacing biological metabolism with synthetic extracellular circuits.
Material and methods

Reagents
Reagents were used as received from commercial sources. In all experiments, water was deionized using a MilliQ system (Millipore). Chemicals were obtained from Fisher Chemical except Tris base (VWR). Molecular biology reagents were obtained from New England Biolabs.
Cloning
Standard restriction enzyme-based molecular cloning techniques were employed for all cloning. Linearized vectors were obtained using polymerase chain reaction (PCR) with Pfu DNA polymerase and S. enterica genomic DNA for the template, followed by DpnI digest of the resulting PCR products. To construct the pTet-6XH-PrgI plasmid, we used the pTet-ColE1-Cam vector backbone and BglII/BamHI as our restriction enzymes for the insertion of 6XH-prgI. To construct the pET28b(þ)-6XH-PrgI plasmid, we used the pET28b(þ)-ColE1-Kan vector backbone (Novagen) and NdeI/BamHI as our restriction enzymes for the insertion of prgI. The DH export plasmid, used to test secretion in engineered strains, was constructed for a previous study [21] . More details, including a list of plasmids and PCR primers used in this study, are available in the electronic supplementary material, tables SI and SII.
Strains and growth conditions
All non-T3SS-induced strains were grown in LB-Lennox medium at 225 r.p.m. and 378C. T3SS-induced strains were grown in T3SS-inducing medium (17 g l 21 NaCl) at 120 r.p.m. and 378C as described in [21] . Escherichia coli BL21 cultures expressing pET28b(þ)-6XH-PrgI were subcultured 1 : 100 from an overnight culture in 500 ml Terrific Broth, in a 1 litre baffled flask. Cultures were grown at 225 r.p.m. and 308C for 6 h and induced with 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) after 2 h. In this study, all engineered PrgI proteins also had the solubilityenhancing mutations V65A and V67A, which do not impact the protein's oligomerization dynamics [22] . All S. enterica strains were DflhCD to avoid production of flagella [23] .
Expression and purification of 6XH-PrgI
6XHis-PrgI was overexpressed in E. coli BL21 DE(3) pLysS cells using a pET28b(þ) IPTG-inducible vector as described. The cells were centrifuged at 6000g, the cell pellets were resuspended in 30 ml Ni 2þ column buffer (10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , 20 mM imidazole, 500 mM NaCl buffer, pH 7.3), and the resuspended cells were lysed by sonication. The insoluble fraction was removed by centrifugation at 17 000g for 1 h. The supernatant was decanted and passed through a Ni-NTA affinity column (GE Healthcare) at room temperature under native conditions, washed with 60 ml Ni 2þ column buffer, then eluted in Ni 2þ elution buffer (10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , 500 mM imidazole, 500 mM NaCl buffer, pH 7.3). The protein solution was buffer-exchanged into 2.5 ml 20 mM HEPES, 50 mM NaCl buffer pH 5.5 using a PD-10 desalting column (GE Healthcare), then concentrated to approximately 1 mg ml 21 using 3 kDa molecular weight cut-off spin concentration columns (Sartorius). Purified 6XH-PrgI monomers were allowed to self-assemble into filamentous structures at 48C over three weeks.
Ni 2þ -NTA-Au conjugation with filaments
Approximately 10 mg of 6XH-PrgI filaments were incubated with an 8 M excess of Ni 2þ -NTA-Au nanoparticles (Nanoprobes) at 48C for 16 h in 5 ml 20 mM HEPES, 50 mM NaCl buffer, rocking gently. Excess nanoparticles were removed by size exclusion using a NAP-5 column (GE Healthcare). Labelled filaments were stored in 2.5 ml phosphate-buffered saline.
Au reduction for growth of contiguous Au structures
6XHis-PrgI filaments were labelled with 17 nM Au nanoparticles as described, and 1 ml of labelled filament solution was incubated with 0.01% HAuCl 4 , 40 mM NH 2 OH and 0.05% Triton X-100 (Sigma Aldrich) at room temperature for 5 min in a rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150938
cuvette. UV/Vis absorbance was measured at 526 nm. Structures were inspected via transmission electron microscopy (TEM).
Isolation of T3SS needle structures
Cells were grown in T3SS-inducing conditions in 1 litre of T3SS-inducing medium as described and harvested in late log phase, then resuspended in 30 ml TE buffer (10 mM Tris Cl/1 mM EDTA, pH7.5) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Needles were mechanically sheared from cells as described in Kubori et al. [24] . Briefly, the cell suspension was vortexed three times for 1.5 min each and passed six times through a 25-gauge needle. The cells were removed by centrifugation at 9000g at 48C for 20 min. The supernatant was centrifuged at 100 000g at 48C for 1 h. The pellet contained the needles, which were resuspended in TE buffer, washed twice by the same method and visualized by TEM.
SDS-PAGE and western blotting
Protein samples were prepared for sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) by boiling for 6 min in 4Â Laemmli buffer with 8% SDS. The samples were then loaded onto 12.5% polyacrylamide gels and subjected to 130 V for 70 min. For samples analysed by Coomassie staining, the gels were stained according to the standard methods. For samples analysed by western blotting, the samples were then blotted from the gels to polyvinylidene fluoride membranes following standard procedures. Western blots were completed using horseradish peroxidaseconjugated anti-FLAG and anti-histidine antibodies (Sigma) against the incorporated 1Â C-terminal FLAG tags and 6Â N-terminal His tags on all proteins of interest. Detection was performed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) over a total exposure time of 10 min on a Bio-Rad Chemidoc Imager, and blots were auto-corrected for contrast.
Creation of DflhCD and DprgI strains and integration of 6XHis-prgI in the Salmonella enterica genome
The method of Thomason et al. [25] was employed to make a homologous recombination-based flhCD and prgI knockout strain, and then to reintroduce the mutant gene 6XHis-prgI in the prgI genetic locus. The DflhCD strain was created first, and subsequent modifications to remove and replace the prgI gene followed. All DNA primers used to make deletions, insertions and confirm correct sequencing are listed in the electronic supplementary material.
DH secretion assay
Salmonella enterica strains were grown with and without T3SS-inducing conditions for 6 -8 h. Cultures were centrifuged and supernatants were collected, treated and probed for the presence of DH by western blotting with an anti-FLAG antibody as described in [21] .
Dynamic light scattering
Dynamic light scattering (DLS) was performed using a Zetasizer Nano (Malvern Instruments). Before analysis samples were filtered through 0.22 mm filtres (Millipore). Measurements were taken in 20 mM HEPES, 50 mM NaCl buffer pH 5.5 at 258C in backscattering mode with 10 Â 10 mm quartz cuvettes.
Transmission electron microscopy
TEM images were taken using an FEI Technai 12 transmission electron microscope with an accelerating voltage of 120 kV. Samples were desalted using NAP-5 desalting columns (GE Healthcare), concentrated to approximately 50 mM using 100 kDa molecular weight cut-off spin filtres (Millipore), incubated on Formvar-coated copper mesh grids for 5 min and wicked off using filter paper and dried in air briefly. These grids were then quickly washed with water and immediately wicked again. The samples were stained with 1% UO 2 (OAc) 2 for 2 min, and again wicked and dried.
Results
N-terminal modification to PrgI does not disrupt filament assembly in vivo
We used the filament-forming PrgI protein of S. enterica as a template for the incorporation of inorganic materials. Incorporation of inorganic materials requires a binding peptide which is not in the wild-type filament. We chose to N-terminally append this peptide because structural studies indicate this end is flexible, minimizing the possibility of steric hindrance (electronic supplementary material, figure S1 ) [20] . We first set out to ensure the N-terminus of PrgI is indeed amenable to alteration and demonstrate that fusions to the N-terminus would not prevent filament formation. To this end, we created a genetic construct that results in a fusion of the Ni 2þ -binding polyhistidine tag (HHHHHH) to the flexible N-terminus of PrgI (6X-His PrgI). We knocked out the genomic copy of prgI to make the S. enterica DprgI strain and introduced 6XHis-prgI on a plasmid under the control of an anhydrotetracycline (aTc)-inducible promoter ( pTet), to ensure that only polyhistidine-modified PrgI would be produced by the DprgI stain. After growing under T3SS-inducing conditions and inducing 6X-His PrgI expression with the addition of aTc, we mechanically sheared the needles from cells. We compared the size and morphology of mutant and wild-type needles expressed from the inducible plasmid with wild-type needles expressed from the genome using TEM (figure 1a) and DLS (figure 1b). We confirmed the identity of the protein by anti-polyhistidine western blotting (electronic supplementary material, figure S2 ). These techniques revealed that episomal expression of wild-type and polyhistidine-tagged PrgI in DprgI strains produced needles of the same hydrodynamic radius and geometry as wild-type strains.
Recombinant mutant PrgI monomers form filaments in vitro
The complemented mutant needles were 50-80 nm long, but many applications in energy and sensing require much longer filaments. Therefore, we also constructed an inducible plasmid for the recombinant production of 6XHis-PrgI in E. coli in order to polymerize PrgI-based filaments in vitro. We expressed and purified the protein from cell lysate using nickel chromatography and confirmed its presence by western blotting (electronic supplementary material, figures S2 and S3). Filaments assemble spontaneously in solution and are visible by TEM within 24 h, but acidic buffer conditions slow the assembly and prevent the formation of large aggregates. Filament growth was monitored by DLS over the course of three weeks and the heterogeneous mixture of long needles was observed using TEM ( figure 1c,d ). The recombinant needles were 1-2 mm in length. Recombinant expression and purification of a nonassembling 6XH-PrgI mutant, 6XH-PrgI
, which is rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150938 unable to form the hydrogen bond between the helices of the protein, does not result in visible filaments (electronic supplementary material, figure S4 ) [26] .
Building a protein nanowire
The polyhistidine tag is commonly used for affinity chromatography in protein purification, and the 6XHis-PrgI structures were designed to bind to bivalent nickel cations.
To test this, we confirmed the conjugation of assembled 6XHis-PrgI filament structures with Ni 2þ -NTA-functionalized Au nanoparticles (figure 2a). The recombinant needle structures were able to selectively bind these Au particles (figure 2b). Increasing concentrations of Ni 2þ -NTA-Au nanoparticles resulted in increased binding as observed by TEM, as well as notable aggregation of filaments, which we termed 'bundling' (figure 2c). The nanoparticles did not associate with PrgI filaments that did not incorporate a 6XHis-tag (figure 2d). Although the recombinant 6XHis-PrgI structures were able to bind the Ni 2þ -NTA-Au nanoparticles in a concentrationdependent fashion, the metal coverage was incomplete. We next tested whether the protein-metal conjugates could be reduced to form contiguous metal structures. We reacted HAuCl 4 with hydroxylamine, a mild reducing agent, in solution with metal-conjugated filaments. Tween 20, a non-ionic detergent, was added at small concentrations to the reaction to reduce protein aggregation. Soluble Au 3þ was deposited and reduced to Au(0) from HAuCl 4 to 'grow' the Au nanoparticles that were nucleated on the protein filaments [27] . The reaction was monitored by UV/Vis absorption spectroscopy, which revealed the emergence of a surface plasmon resonance at 525 nm, typical of nanoscale Au particles (figure 3a). The reaction resulted in the formation of crude nanowire networks and large Au-containing structures. The morphology and composition of the Au structures was confirmed by energydispersive X-ray spectroscopy and TEM (figure 3b; electronic supplementary material, figure S5), and protein filaments which did not include an N-terminal histidine tag did not result in network-like structures (electronic supplementary material, figure S6 ).
Conjugating Au nanoparticles to a living cell
We recognize that, for some applications, it will be useful to interact inorganic materials with protein filaments that are still in contact with the cell. Thus, we next asked whether we could conjugate the Ni 2þ -NTA-Au to the filaments formed from 6XHis-PrgI while they are still part of the T3SS apparatus embedded in the membranes of living cells.
To accomplish this, we grew the S. enterica DprgI::pTet6XHis-prgI strain in T3SS-inducing conditions and added rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150938
Ni 2þ -NTA-Au to the cultures. We isolated and washed the cells and then compared them with wild-type cells using TEM. In doing so, we observed several T3SS needles that were labelled with Au nanoparticles (figure 4). We did not observe Au-labelled needles in wild-type strains to which the nanoparticles were added.
Rescuing secretion phenotype for heterologous protein secretion
The native function of the T3SS is protein secretion, and we investigated the ability of the PrgI mutant strains to secrete heterologous proteins. The S. enterica SL1344-derived DprgI strain is not secretion-competent because PrgI is necessary for type-III secretion. We tested this using a model protein, the DH domain from human intersectin, fused to the N-terminus of a natively secreted substrate (figure 5) [21] . Complementation of PrgI in this strain does not rescue the secretion phenotype, even though complemented cells do construct T3SS needles that are morphologically indistinguishable from wild-type needles by TEM. Therefore, to restore the secretion phenotype in S. enterica while maintaining its ability to produce metalbinding needles, we used a recombination-mediated genetic engineering strategy to reintroduce the 6XHis-prgI gene back into the DprgI strain at the native locus for prgI (electronic supplementary material, figure S7 ) [25] . This strain, S. enterica 6XHis-prgI, was able to secrete the DH domain at wild-type level titres. It is intriguing that a genomic copy of prgI is required for secretion but a plasmid-complemented copy of the gene is sufficient for needle construction, and understanding of this feature will require further study into the genetic architecture and regulation of the pPrgH operon of Salmonella pathogenicity island-1.
Discussion and conclusion
The T3SS needle can be used as a flexible template for the production of wire-like nanostructures of variable composition. In this study, we used Au nanoparticles; however, genetic incorporation of other metal-or mineral-binding rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150938 peptides and subsequent polymerization would allow for templating of materials in a variety of redox states. The high resolution afforded by the small size of the PrgI monomer introduces the possibility of constructing multi-component metallic wires with distinct nanoscale elements, without first anchoring them to a silicon substrate. PrgI monomer size may also support applications in surface plasmon-mediated energy transfer and molecular transport junctions because these systems require precise, high-resolution spacing between device sections. Additionally, we engineered the strain to preserve the native secretion phenotype so that, in the future, it is possible for heterologous electron transfer proteins to be secreted from the system to synergistically complement nanowire-mediated cross-membrane electron transfer in a tuneable fashion. There is tremendous potential to harness metabolic energy from intracellular redox reactions by building a synthetic electronic conduit across membranes. Yet, to date, little work has been done to precisely interface metal-functionalized proteins with cells beyond exploring the natural systems that perform this function, and all biomolecular templates for metal conjugation have been studied in vitro. Natural systems in Shewanella oneidensis MR-1 and Geobacter species construct protein-based, conductive, nanowire-like pili in oxygen-limiting conditions that extend beyond the cell membranes in order to make contact with extracellular electron-accepting solid phases [28] . Yet these systems are poor candidates for engineering well-controlled nanostructure-cell interfaces, because they are necessary for the organisms' central metabolism and are not well characterized or genetically tractable. Furthermore, Shewanella and Geobacter express conductive pili exclusively in strict anaerobic conditions, and neither organism can be easily grown in a fermenter. The T3SS filament of S. enterica offers a tuneable scaffold that retains its interaction with the cellular membrane, thus providing a starting point for mimicking these fascinating natural systems.
Previously, Jensen et al. [29] showed that integrating a protein-based electron transfer chain in a bacterial cell envelope, with the final electron acceptor localized to the outer membrane, caused an eightfold increase in Fe(III) citrate reduction compared with wild-type E. coli. Our efforts to incorporate a metallic T3SS-templated nanowire in the cell membrane present a method for extension of this work; as the rate of reduction does not scale linearly with surface area, linking a membrane-embedded nanowire with a protein-based electron transport chain that is on the same size scale can increase the efficiency of electron transfer out of the cell. Furthermore, metallized protein filaments that are attached to cell surfaces to create nanowire-like electron conduits would allow for a delocalized electron transport system that is more efficient than stepwise electron transport in a protein-based electron transfer chain. In the future, bioenergy applications may benefit from integrating a chain of redox-active proteins with a membrane-embedded nanowire to mediate electron transfer across the membrane. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20150938
